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ABSTRACT

This paper presents an overview of fast reactor core physics results obtained in the context of the CAPRA-
CADRA European collaborative programme, whose aim is to investigate a broad range of possible options for
plutonium and radioactive waste management. Different types of fast reactors have been studied to evaluate their
potential capabilities with respect to the long term management of plutonium, minor actinides (MAs) and long-
lived fission products (LLFPs).

Cores based on sodium cooled reactor technology have the flexibility to achieve different objectives with respect
to plutonium management; they may be operated in breeder mode for long term sustainability, or in burner mode
to ensure the plutonium inventory is minimised in a scenario where nuclear is eventually phased out. From the
original EFR design (European Fast Reactor) with a large breeding gain, modifications have been made to
maximise plutonium burning (CAPRA 04/94m with a high Pu consumption rate) or simply to achieve a modest
plutonium consumption (EFR variant without blankets with a breeding gain equal -0.20). Finally, a modified
version of the EFR core aiming at preserving the amount of plutonium (radial blankets are removed, breeding
ratio is equal to zero) has been chosen as the reference for the assessment by the French National Commission of
Evaluation (NCE) of policies for the back-end of the nuclear fuel cycle.

Among the several options aiming at reducing waste and consequently radio toxicity are:

• Homogeneous recycling of Minor Actinides,

• Heterogeneous recycling of Minor Actinides either without or with moderation,

• Dedicated critical cores (fuelled mainly with Minor Actinides) and Accelerator Driven System (ADS)
variants.

In order to achieve a detailed understanding of the potential of the various options, advanced core physics
methods have been implemented and tested and applied, for example, to improving control rod modeling and to
studying safety aspects. There has also been code development and experimental work carried out to improve the
understanding of fuel performance behaviors.

More recent work has been directed at evaluating the potential of ETGCFR (Existing Technology Gas Cooled
Fast Reactors - based on AGR technology) with similar options being studied. Present efforts are devoted to high
performance gas-cooled fast reactor with the aim of preserving or improving on both waste reduction and cost
effectiveness.
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1. INTRODUCTION

The CAPRA programme was initially set up in 1992 to investigate the potential of sodium cooled fast reactors
based on the European Fast Reactor (EFR) technology for burning plutonium. At the same time there were also
investigations related to the transmutation of minor actinides (MAs) and long-lived fission products (LLFPs).
Several modifications of the core configuration of EFR were studied in detail to determine how well the EFR
core would perform as a plutonium burner.. Among the measures considered were variants with the radial and
axial breeders removed, the use of fuel with a 45 w/o plutonium content and the introduction of inert materials in
the core to obtain the required reactivity and power density.

In 1999, the scope of the CAPRA-CADRA programme was enlarged to cover a broader range of reactor types
and to separate the two aspects of Pu burning and the transmutation of MAs and LLFPs. Currently, various cycle
options are being studied in Sodium Cooled Fast Reactors [1]. The emphasis has now changed from cores
optimised for plutonium burning to cores achieving plutonium balance (Breeding Gain: BG=0), which are
capable of sustaining nuclear energy in the long term. The flexibility for the core to adjust the breeding gain
from BG<0 to BG>0 is an additional feature that is seen as desirable, as well as that of minimising the radio-
toxicity of wastes (MAs and LLFPs).

Similar fuel cycle objectives to could possibly be achieved with Gas Cooled Fast Reactors as alternative to
sodium cooled systems. Initial investigations of Existing Technology Gas Cooled Fast Reactors (ETGCFR
based on AGR technology) indicate that these objectives are achievable with GCFRs, but more refined
calculations are needed in confirmation [2]. The initial rationale for considering GCFRs as an alternative to
sodium cooled systems came from their greater flexibility (low coolant void reactivity coefficient), a harder
neutron spectrum allowing less stringent constraints.

In addition, advanced designs of GCFR (High Temperature Gas Cooled Fast Reactors) are currently being
investigated as possible candidates for 4th generation reactor systems for introduction to the reactor park by 2040.
Identifying suitable systems is complicated by the fact that 4th generation reactors would need to satisfy a
number of new requirements in addition to those for the preceding generation, including :

• Improved thermal efficiency (to compete with Gas Turbines),
• Improved economy (investment, maintenance, cycle),
• Improved safety (fuel melting during transients, recriticality).

As a final design does not yet exist, there are difficulties in defining the cycle potential, and parametric studies
are required. The study objectives still correspond to the various scenarios envisaged for the report that will be
issued to the French Parliament as defined by the French 1991 law Item 1.

2 SODIUM COOLED FAST REACTORS

2.1 Reference (fores

The plutonium burning EFR variant core, known as 04/94m and variants derived from it have been investigated
in detail within the collaboration. Specifically a high burn-up design has been developed [3]. The work has
established that plutonium burner cores based on 04/94m are technically feasible. The core neutron physics in
particular can be considered well established, and the theoretical basis of the core been demonstrated as
completely as possible without proceeding to the stage of building a prototype and obtaining experimental
confirmation. The fuel performance lags somewhat behind only because there is more reliance on the outcome of
test irradiations, some of which are still proceeding.

The two reference CAPRA cores (04/94m and HBU) have been studied using the innovative features of the
ERANOS neutronics code system (ERALIB-1 data, ECCO cell code, 3D transport). To date, both reference
cores have been evaluated in detail and some minor refinements (batch scheme, Pu content,...) implemented. A
specific part of this study was to compute more accurately the control and shutdown assembly reactivity worths
using a new calculational procedure to account for heterogeneity, mesh and transport effects; in the previous
studies, the 10B content was adjusted according to expert knowledge based on Super Phenix experience. The
study, performed for the 04/94m core, advises new adjustments to be included when performing transport 3D
core calculations.
The 04/94m work has also included the detailed analysis of variants with either homogeneous or heterogeneous
targets for MA or LLFP transmutation. These variants have established the optimal disposition of MA targets
and their impact on the nuclear performance.



2.2 Homogeneous recycling

The addition of MAs to the fuel hardens the neutron spectrum and leads to degraded reactivity coefficients and
kinetics parameters. Core calculations on EFR type cores of various sizes have been performed to identify the
maximum core fraction of MAs allowed by safety constraints. These indicate a limit of about 2.5% if no specific
sodium void reduction measures are adopted. Such measures include the reduction of the core height, the axial
heterogeneity, the introduction of a moderator in the Sub-Assemblies (S/As) and the use of neutron absorbing
blankets. The combination of the last two modifications was identified as the most promising option allowing an
increase of the limiting MA core fraction up to 7 %. In this case, the MA consumption is about 20 kg/TWhe.

Homogeneous recycling leads not only to technical difficulties, such as the degradation of reactivity coefficients,
but gives also an additional economic burden on front and back-end operations: fabrication, transport,
reprocessing, since all fuel fabrication operations need to be carried out in a heavily shielded, remote operation
facility.

2.3 Heterogeneous recycling

The option of recycling once through Am and Cm in targets and U, Pu and Np in standard CAPRA high burn-up
S/As was investigated. Due to economic reasons it was found preferable to place the targets in the core rather
than at the periphery. A detailed study of fission product and helium inventories for minor actinide fuelled
targets in in-core and ex-core targets for the CAPRA 4/'94 high burn-up core design has been carried out and
shows that gas plena can manage the helium production and the fission gas releases.

Regarding the moderated target option, qualification work on the codes and libraries has been carried out based
on irradiation experience in Phenix [4], together with specific measurements performed in the MASURCA
facility, as part of the COSMO experimental programme [5]. Moderated targets were only studied in a standard
CAPRA core (469 pins per S/A, 1/3 MA target pins and 2 / 3 moderator pins). CaH2 was identified as the most
promising moderator among the different moderator materials considered (CaH2, ZrH2,

 nB4C and BeO) and an
incineration rate of about 90 % was obtained by the time the 200 dpa clad damage criteria was reached. Fast
reactors recycling MAs in moderated targets must represent half of the reactor fleet in order to stabilize the MA
inventory. The definitive design of moderated targets requires an analysis of both neutronic and thermal
performance. The current design meets all safety constraints except for peak rod power, which implies that a
reduction in power will be necessary leading to a corresponding reduction in the masses of MAs that can be
burned.

2.4 Dedicated cores

The designs of specific MA burners, called dedicated reactors, with high MA loadings and consumption would
allow highly active fuel cycle operations (fabrication, handling, reprocessing) and the necessary safety
countermeasures to be restricted to a limited fraction of the electric power supplied by nuclear reactors.
Investigations are under way, if these dedicated cores could be realized both as critical and subcritical accelerator
driven systems (ADS). Small size (150 MWth) liquid metal (Na and lead) cooled cores were studied [6],
including detailed burn up schemes using the advanced features of ERANOS2.0. In addition dedicated cores
with gas cooling have been investigated. The lack of the classical fertile fuel constituents as U238 or Th232 (for
maximizing incineration rates) and the large amount of minor actinides leads to unfavorable safety parameters.
Typically, a high value of the coolant void reactivity (for lead or Na coolant) is accompanied by low values of
the delayed neutrons fraction and Doppler coefficient. It must be carefully assessed if under such conditions a
critical metal cooled core could be realized and how such a core behaves for gas cooling. These investigations
will go on and have to cover the whole range from normal operation to severe transients. First analyses for
subcritical accelerator driven systems with dedicated fuel have been performed [7], concentrating mostly on the
severe accident range.

2.5 Fuels

As early as 1994, when the CAPRA team prepared the first recommendations concerning the fuel design for a
Na-cooled fast Pu burner reactor, a large experimental programme was launched aiming at qualifying mixed
oxide fuel with a high Pu content and also assessing the potential of innovative fuels, such as U free fuels (oxide
composite or mixed nitride fuels). The main activities were focused on fuel fabrication, fuel behaviour under
irradiation (with a special emphasis on the Pu redistribution), and reprocessing by the PUREX process.



Because of the extended time taken to complete fuel irradiation tests (an irradiation cycle: fabrication, irradiation
and post-irradiation examinations takes at least 5-10 years), the first irradiation results were available in 1998 but
completion of this initial fuel programme is not expected before 2004, because of the delayed Phenix restart
(foreseen only in February 2002). It has been decided that even if the CAPRA/CADRA programme currently
undergoes an important orientation change, the major experiments of this programme will be "properly"
completed, as previously planned in order to extract the maximum amount of information for future reference.

The irradiation programme developed to qualify the fuel for CAPRA reactors [8] involves four experimental
reactors: the IFOP irradiation in SILOE; the TRABANT experiment series in HFR [9]; the CAPRIX1
experiment in Phenix and the BORA-BORA experiment series in BOR60.

3 GAS COOLED FAST REACTORS

3.1 Reference designs

The programme now places a large emphasis on the investigation of fast reactor systems with gas coolants. The
reason for this is that despite being well established as a coolant for fast reactors, sodium presents many
operational difficulties which add to the expense of building and operating the nuclear plant, including the need
for an intermediate coolant loop (a capital cost penalty), its chemical reactivity with air and water, the lack of
optical transmission (which complicates fuel handling and other operations) and the need to manage and
ultimately dispose of sodium. But the main reason for the move to GCFR arises from the low coolant void
reactivity coefficient, which allows the relaxation of safety related constraints in cores heavily loaded with MA
fuels. Dedicated cores using gas coolant allow larger sized cores because of the low coolant void reactivity.
Helium cooled 1000 MWth cores with nitride fuel and graphite blocks have also been evaluated. In this case MA
consumption can range up to 100 kg/TWhe.

Dedicated cores based on the Existing Technology Gas Breeder Reactor (ETGBR) design [see figures below]
were studied. It has been demonstrated that a gas-cooled reactor can be designed to obtain a power output 3600
MWth. A nitride fuel matrix comprising a solid solution with ZrN was found to be suitable from a reactor
physics point of view. An acceptable Doppler coefficient can be obtained with the incorporation of zirconium
hydride moderator pins in the fuel S/As. Safety transient studies have been done with the GASBET code on a
gas cooled MA burning fast reactor core design [10]. A passive system for inserting the shutdown control rods
based on a phase transition through the Curie point at 660°C, ensures acceptable response of the core in accident
scenarios.
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The new strategies require moving towards an advanced high temperature gas cooled fast reactor (HTGCFR) to
enhance thermal efficiency and possibly produce hydrogen. Reference GCFR cores are as follows :

• ETGCFR based on AGR technology [11],
• GBR3: MOX particle fuel with CO2 coolant,
• GBR4: He coolant with two variants using

o pin MOX fuel,
o particle MOX fuel.

Of these, only the first one has been studied in detail, so far.

In order to meet the new objectives, a parametric approach has been used to analyse HTGCFR and this has
highlighted some difficulties associated with the fuel density and to the decay heat removal in particular. The
core specification used in the parametric study are as follows :

• critical core with measures to reduce leakage and reactivity margins needed to achieve 900 Equivalent
Full Power Days (EFPD) (with 1/3-core batches)

• reference core GBR4 (He, pins, 220 kW/1) with revised power of 600 MWth
o core volume 2.7 m3

o large volume blankets 7 m3 (33 tons)
• parametric survey covers:

o type and volume percentage of fuel in core
o type and volume percentage of structural material in core
o volume percentage of coolant (any type)

In these parametric studies, the initial plutonium content is adjusted to satisfy these objectives and the largest
breeding gain is estimated. Measures to modify cores from breeders to burners are known, so that there is
flexibility in the fuel cycles. Different characteristics have been assumed for the fuel bearing in mind that high
temperature implies a refractory cladding. The various options include conventional fuel pins and particle fuels.
The fuel pins options include conventional MOX fuel (which will be limited to low temperature operation) and
innovative fuels such as MN (nitride) fuel and CERMET fuel. The particle fuel options include several choices
for the kernel and coating. The results for particle fuels lead to Pu burning cores as a consequence of the low fuel
volume fraction and the relatively large amount of structural materials. The flexibility of particle fuels in terms
of the fuel cycle is therefore questionable.

Some of the main points that arise from the fuel, thermal-hydraulic and neutronics aspects of GCFRs are:
•Actinide compounds must occupy 20 to 30 % of the total volume
•Reducing the gas volume without affecting natural convection appears to be the best way to extract

residual power
•CO2 has several advantages over He
•Thermal inertia needs to be improved (no miracle expected)
• Cold fuels are interesting from the neutronic point of view
•There is a technological gap for the particle fuel options (with strong dimensional constraints and

associated R&D risk)
•The low specific power creates large inventories: to be compensated by a higher efficiency and time

spent outside the reactor

3.2 Advanced fuels

3.2.1 Oxide-type fuels

Because of the large know-how on oxide technology in Europe, the existence of established fabrication
processes, the availability of hot-cell laboratories, and the high synergy with the SPIN programme on MA-based
targets, oxide-type fuels are considered as the most promising candidates, at least with regard to development
potential [12]. The assessment of (Pu, Am)O2-type fuels showed that, with the current knowledge on actinide
oxide properties and behavior under irradiation, no serious adverse effects such as Am volatilisation or
redistribution, are likely to occur.



Other alternatives using MA oxide compounds (Pu, Am)02 could be promising. These are composite fuels, like
CERCER (i.e. MgO+(Pu, Am)O2) or CERMET (i.e. Zr or Cr or V+(Pu, Am)O2). They have the advantage of
improving the global properties of the fuel if the inert materials are carefully selected. Thus, it could be possible
to recover some margins to melting point if the matrix provides good thermal properties or to tailor the fuel
design if the matrix allows the retention of fission gas and helium. For such fuels, current R&D on MA-based
targets now provides important information concerning the general properties of such fuels as well as their
irradiation performance.

3.2.2 Nitride-type fuels

Nitride fuels, like (Pu, Am)N or (Pu, Am, Zr)N are considered also as promising alternatives to oxide-type fuels
because of their excellent thermal properties. However there are two major concerns for such fuels: the possible
lack of thermal stability at high temperature (risk of decomposition) and the need to use N15 instead of natural
nitrogen to avoid C14 release during fuel reprocessing.

Recent developments were added to the NITRAF code (derived from the TRAFIC code) to take into account a
more realistic contribution of the fuel solid swelling due to the fission product species. However, many data
needed to validate the performance evaluation are not available. The BORA-BORA experiment will be an
important source of data to qualify the code.

3.2.3 Coated particle fuels

Subsequent to these preliminary studies, work on the coated particle fuels should first resolve the following
questions before starting any specific development:

• coated particles fuel design implies a quite large dilution of the fissile materials; coatings are the first
diluent materials and the matrix, embedding the particles is the second one. It is thus necessary to assess
the consequences of this unavoidable dilution on the transmutation efficiency and to evaluate under what
conditions the particle concept is compatible with a fast breeder reactor.

• in contrast to conventional HTR fuel, dedicated fuels will have to accommodate a large gas production
and probably a large kernel swelling. The particle design will be widely affected by this. It is not
inconceivable that thick coatings and buffer will be needed, that would worsen even further the dilution
ratio as mentioned in the first point. Thermal mechanical modelling activities are thus needed at this stage
to pre-design a particle taking into these new constraints and to allow a core recalculation.

• the chemical interaction of the kernel with the coatings also has to be carefully investigated since it can
lead to additional gas production. For example CO could be released by the interaction of (Pu, Am)O2
with carbide coatings (SiC or PyC).

• fission product diffusion through the coating layers has been seen in the past on coated particles irradiated
in Rapsodie. With high burn up and fast fluence requirements, this problem could become worse.

• current fabrication process based on HTR technology (U235, Pu and Th-based fuels) have to be adapted
to MA-based fuels. It is necessary to check that all the different steps of the process (kernel fabrication,
coatings deposit and compact fabrication) are compatible with remote handling and hot cells.

• reprocessing is an unavoidable step. The ability of particle fuels to be reprocessed is known to be
difficult. A specific assessment very early in that field is thus necessary to properly orient the materials
choice (coatings and kernels).

3.3 Fuel Cycle studies

Scenario studies have been used in the selection of a suitable core enrichment prior to defining a detailed core
design and carrying out neutronic modeling. Following the scenario studies, a definitive picture of what could be
achieved in terms of Pu management and MA transmutation / burning can then be assessed.

The neutronic studies are therefore focused on three areas; heterogeneous recycling of minor actinides in sodium
cooled fast reactors, which will also be adapted to ETGCFR; homogeneous and heterogeneous recycling in
ETGCFR; and dedicated core designs predominantly loaded with minor actinides.
The next table summarizes some results of scoping calculations for a 400 TWhe park comprising the Gas cooled
Breeder Reactor (GBR4) where the power density, the neutron spectrum and the fabrication and reprocessing lag
times are varying parameters.



Fabrication/
Reprocessing lag
times (years)
Unit power (MWe)
spectrum/cycle

Power density
(W/cm3)
Management
(efbd/frequency)
Fabrication/
Reprocessing (tons)
Waste (tons or kg)

Pu

MA

Pu inventory (tons)

MA inventory (tons)

Number of units

Open
cycle
PWR

1450

-

10.3 t

1.41

85 t

12.2 t

41.4

2/5

1209
Std

900
(1/3)
662

103 kg

5.5 kg

10941

561

49.6

2/5

1209
Degraded

220

900
(1/3)

2161*

125 kg

10.3 kg

12401

1041

49.6

GBR4

2/5

1209
Hardened
(+30%)

900
(1/3)
512

89 kg

4.3 kg

845 t

441

38.4

2/5

605
LPs
(12)
110

1800 (1/3)

662

107 kg

5.6 kg

1451 t

75 t

99.3

1/1

1209
Std

220

900
(1/3)
662

104 Kg

5.2 Kg

560 t

29 t

49.6

EFR
French

NCE***
2/5

1450

330

1700
(1/5)
357

(336**)

58 kg
(123

kg**)
3.3 Kg

(82
kg**)
753 t

(737**)
441

(27**)
41.4

* Effect of blankets to obtain zero breeding gain
** case of one through recycling of MA (Am+Cm) in moderated blankets (Incineration rate 90 %)
*** NCE French National Commission of Evaluation

From this table, one can see that whilst fast reactors produce much less waste than pressurised water reactor,
large differences may exist depending on the final option chosen for gas cooled fast reactors. Hardening the flux
will be an interesting factor for waste production as well as heavy nuclide mass inventory while softening the
spectrum will have the opposite effect. Lowering the specific power will have a drastic effect on the heavy metal
inventory without changing the mass flow.

4 ACCELERATOR DRIVEN SYSTEMS (ADS)

An important argument for introducing accelerator driven systems with subcritical cores lies in their assumed
potential to operate with fertile free, dedicated fuel. This fuel mainly consists of MAs with varying amounts of
Pu, depending on the cycle strategy. The deteriorated safety coefficients might be compensated by the built-in
subcriticality of the ADS.
The optimal cycle strategy is currently investigated with an ADS either in a double stratum (PWR, FR, ADS) or
in a double component (PWR, ADS) strategy. These studies included different coolant materials (Na, gas, Pb)
and different reactor ratings (100MW, 1200MW). In these strategies, ADS might be introduced to produce a
limited fraction of the total power of the reactor park, which will in that case limit the amount of waste to a
minimum, the waste output comprising only to losses during reprocessing. The two gas cooled designs will
undergo detailed studies with operating conditions taken into account in order to confirm the waste burning
potential of these systems.



The safety concepts and the behavior of such dedicated ADS are currently also under investigation [13]. First
results have shown potential safety problems in the case the subcriticality could be eliminated by core material
rearrangements (voiding by gas-blowdown, steel melting, local fuel melting etc.). Under such conditions the
poor safety coefficients of the core could lead to an ineffective mitigation of any recriticality triggered excursion.
In detail the results showed that in the case of an ULOF event in an ADS with dedicated fuel a severe accidental
condition might emerge. With the SIMMER accident code the relevant phenomena including pin failure, voiding
of the lead-cooled channel due to gas-blow down, clad removal and pin disruption with fuel redistribution have
been simulated up to the final nuclear excursion.
The conclusion drawn on the basis of these studies is that a cliff edge behavior may exist in dedicated cores. For
a certain class of disturbances the ADS shows a stable and forgiving behavior, whereas for any cases involving
core material redistributions severe scenarios may evolve. Subcriticality levels in dedicated fueled ADS with
lead should be much lower than often assumed (0.97-0.98). Reaching more "favorable" core parameters (smaller
void, greater generation time...) is important for ADS (as well for critical reactors).

Currently investigations are under way to enhance passive safety features for dedicated ADS and to demonstrate
the high safety potential of ADS. Optimizing ADS will require thorough investigation of the system behavior
(external source + subcritical core), the implication of the new innovative fuels and of the new coolants as gas or
lead. The safety analyses will have to cover the whole range from normal operation to severe transients

CONCLUSIONS

The European Fast Reactor (EFR) project remains the reference for current cycle studies. There is a high degree
of confidence in the results obtained on normal operational characteristics, safety-related core parameters and
material balances. An intermediate plutonium burner, based on the EFR design, has been chosen to reduce
penalties with respect to the previous CAPRA reference, but it still retains a significant plutonium burning
capability. This core is currently used for the introduction of high burn-up moderated targets for MA
transmutation.

Gas-cooled fast reactors appear to be a promising concept having some advantages over liquid metal cooled FRs.
These include the absence of a significant positive coolant void reactivity effect and compatibility with air and
water. The simplification of handling, inspection and reparability and the potential for high temperatures and
efficiencies are also considering as major advantages. Of course, fast reactors need high power densities so the
reduced capability of gas to remove heat, especially under accidental conditions, identifying the materials needed
to cope with high temperatures and high neutron doses represent their main drawbacks. An increasing effort is
now devoted to gas cooled fast reactors with targets dedicated to transmutation with a MA incineration rate of
about 90% in one target irradiation lifetime. Core studies include the optimisation, detailed fuel management and
transient analysis. For plutonium management, the reference is a zero or slightly negative breeding gain.
Regarding the fuel, two main options are considered here: pellet fuel and particle fuel.
Complementary studies on dedicated cores (ADS and critical) are performed with the main option for the coolant
being also gas (CO2 or He).

Overall, the CAPRA-CADRA programme has generated a wealth of detailed technical and logistical data, which
will be very valuable as a means of providing a rational basis to choose the optimum mix of different reactor
types needed to establish a sustainable reactor park. For the moment, Pu and LLW management in thermal
reactors (PWR, HTR) is mainly carried out in the frame of the different national programmes but the scenario
studies are actually making use of the results of these studies.
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